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Abstract: For hydrothermal liquefaction of dry biomass to produce liquid fuels, water needs to be
added or the aqueous phase products can be recycled. This paper focuses on understanding the
relationship between hydrothermal degradation of the dry biomass and oil formation under the
condition of accumulative recycling of the aqueous phase. Completely dried corn stalk and deionized
water were used for the hydrothermal liquefaction (HTL) experiment. The aqueous products for
subsequent recycling were not diluted. It was demonstrated that the recycling of the aqueous
can promote the enrichment of organic acids and the conversion of ketones and phenols in the
aqueous, improving the yield and quality of Bio-crude oil. After recycling, the yield of Bio-crude oil
increased from 20.42% to 24.31% continuously, and the oxygen content decreased from 13.34% to
9.90%. Although the process was accompanied by solid deposition and had a negative impact on the
hydrothermal degradation efficiency, the formation of carbon microspheres during the deposition
enhanced the utilization of nondegradable solids, while the formation of metal salt particles had a
positive impact on oil production. After three rounds of recycling, the solid deposition effect was
weakened. At this time, oil production and solids degradation can be promoted simultaneously.

Keywords: aqueous phase recycling; hydrothermal liquefaction; degradation; Bio-crude oil; solid de-
position

1. Introduction

Crop straws are typically dry biomass and composed mainly of cellulose, hemi-
cellulose, and lignin [1]. Crop straws have abundant reserves, especially corn stalk [2].
Every year, a large number of corn stalk are burned in the fields and buried in the open,
which causes great waste of resources and serious environmental issues [3]. With the deple-
tion of fossil fuels and the associated environmental issues, there has been much attention
in the recent years to the conversion of lignocellulose to liquid fuels [4]. Among them,
the most common methods are biochemical and thermochemical methods. For example,
biomass is converted into fuel ethanol by microbial fermentation, which can be used as
vehicle fuel alone or mixed with gasoline and diesel. There are two typical routes to ther-
mochemical liquefaction, fast pyrolysis liquefaction (FPL) and hydrothermal liquefaction
(HTL) [5]. FPL is generally used for the preparation of liquid fuels from dry biomass due
to the feedstock characteristics, technical difficulties, and equipment costs. In contrast
to FPL, the HTL technology for biomass has only been gradually studied in the recent
years [6]. HTL is a process of thermal decomposition and re–polymerization of biomass
into liquid organic components in sub– or near–critical water at 250–370 ◦C and 5–15 MPa
for a certain residence time (0–2 h). In this process, the unique properties of subcritical
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water, with its high ion product and low dielectric constant, behave similarly to those of the
organic solvents [7]. Therefore, it makes the HTL process of biomass more advantageous
than FPL. Specifically, this is demonstrated by the raw materials that do not need to be
dried and are widely available, lower conversion temperatures and heating rates, higher
biomass conversion rates [8]. In addition, oil produced from HTL has higher energy density
and superior fuel properties such as thermal and storage stability compared to pyrolysis
bio–oil [9]. As water plays a key role in the HTL process, hydrothermal degradation is
currently mainly done with wet biomass [10]. For the hydrothermal degradation of dry
biomass, on the one hand, water can be added directly and on the other hand, the aqueous
phase products can be recycled.

Due to the use of water as a reaction medium, the HTL generates a large amount
of process wastewater, especially when additional water is required to meet the scale of
industrial production, recycling of which is important for economic and sustainable pro-
duction. As a result, aqueous phase recycling has become an important aspect that cannot
be ignored and is beginning to receive attention [11]. Because the wastewater, in many
circumstances, can be considered as a “negative–cost” feedstock [12]. For example, reuse of
the aqueous phase produced by the hydrothermal degradation of barley straw at 300 ◦C
led to increased yield and higher heating values of the Bio-crude oil and nondegradable
solids (NDS) [13]. It was proved that organic acids in the aqueous phase could produce
catalytic dehydration reaction after the hydrothermal degradation of poplar sawdust at
220 ◦C, and the carbon content of NDS increased with the aqueous phase recycling [14].
Experiments carried out in a continuous reactor have shown that recycling of the aqueous
phase from the hydrothermal conversion of poplar and glycerol resulted in high–quality
Bio-crude oil and reduced coke formation, and, thus, extending the life of the reactor [15].
As it is not possible to recover all the aqueous phase products during the experiments,
current studies use additional water replenishment to maintain the quality of the aqueous
phase products, which is equivalent to the dilution of the aqueous phase products. Hence,
the cumulative effects of the aqueous phase recycling can not be studied properly.

Besides, it is difficult to understand the process of Bio-crude oil formation from the
HTL of biomass because of the involvement of complex four–phase product conversion
reactions in the hydrothermal degradation of biomass [16]. Studies involving the construc-
tion of reaction networks and kinetic models [17,18] have shown that in the early stages of
hydrothermal degradation of biomass, around 20–50% of the water–soluble organics are
transferred to the aqueous phase [19]. The conversion of aqueous phase into Bio-crude oil
is the main reaction pathway, and then, there are complex interconversion relationships
between the products. Therefore, it is relatively difficult to understand the Bio-crude oil
formation process of biomass by studying the transformation relationships between the
multiphase products. In this manuscript, a simple method has been used to understand
how the process of hydrothermal degradation relates to the Bio-crude oil formation by
directly studying the properties of NDS. Very few studies have been carried out to study
the Bio-crude oil formation process systematically using this method. Understanding of
the NDS after accumulative recycling of the aqueous phase is also not clear. The properties
of NDS are of great importance for the hydrothermal conversion process. The hydrother-
mal generation of NDS is accompanied by the solidification of coke and metal salts as
well as reversible reactions of the hydrolyzed substances through polymerization and
re–polymerization to produce carbon–derived deposits. These solids can affect the normal
operation of the equipment by creating blockages in the system [20]. Solid deposition is an
inevitable part of the hydrothermal degradation process and systematic understanding
of the effects of aqueous phase recycling on the deposition properties of the solids is still
lacking [21].

This manuscript focuses on the relationship between the hydrothermal degradation
of dry biomass and Bio-crude oil formation under accumulative aqueous phase recycling.
In this work, dried corn stalk and deionized water were used for the HTL experiment and
the aqueous phase products from each recycling were not diluted during the recycling steps.



Energies 2021, 14, 285 3 of 19

Characterization of the collected hydrothermal solids followed by back–extrapolation of the
relationship between the hydrothermal solids and the hydrothermal degradation process
was carried out to understand the combined properties of nondegradable substances. By an-
alyzing the properties of the collected hydrothermal solids, the comprehensive properties
of NDS are understood, and then the relationship with the hydrothermal degradation pro-
cess is deduced. Finally, the understanding of hydrothermal degradation and oil formation
of biomass under the water phase accumulation cycle is established based on the analysis
of the characteristics of the generated Bio-crude oil. The results show that the cumulative
aqueous phase recycling can promote oil production and carbonation processes. Moreover,
it can achieve the goal of water saving. Although solid deposition effect occurs during the
recycling, which affects the hydrothermal degradation efficiency, the deposition effect can
be weakened after three rounds of the recycling. It can promote both oil production and
degradation.

2. Materials and Methods
2.1. Raw Materials and Analytical Methods

Dry biomass was selected from corn stalk with large reserves. After natural air drying,
it was crushed, sieved, dried, and then sealed at 40–60 mesh. Before the experiment,
the stalk was dried to a constant weight at 105 ◦C. The proximate analysis was performed
according to the standards (ASTM D1102–84(2013) and ASTM 872–82(2013)). Ultimate
analysis (CHNS/O) was analyzed by a fully automated elemental analyzer (EuroEA3000,
Milan, Italy). The chemical compositions were analyzed by a semi–automatic fiber analyzer
(ANKOM A220i, New York, NY, USA). The above analyses were repeated three times.

2.2. HTL Experimental Methods

For the first HTL experiment, 6 g dried stalk and 54 g deionized water were added to
a high–pressure reactor (Parr 4575A, Moline, IL, USA). Nitrogen was passed through the
reactor for more than three times to remove air. The speed was set as 300 rpm. Then the
pre–mixing was started. After that, the air–tightness of the reactor was observed for 30 min
without leakage, then the temperature was increased to 300 ◦C at the rate of 10 ◦C/min and
then kept for 30 min. The experiment was repeated three times under the same conditions
for each group. Immediately after the reaction was completed, the heating was stopped
and the reactor was cooled to room temperature for 50 min by using a chiller. The product
separation and collection procedure was shown in Figure 1. The gas was discharged
and the mixed products were filtered to obtain the water–insoluble and aqueous phase
products (AP). The collected aqueous products were filtered through a 0.45 µm membrane
and then the indicators were measured. The water–insoluble matter was extracted with
dichloromethane (DCM) for further separation. The DCM–insoluble matter was dried at
105 ◦C for 24 h and defined as nondegradable solids (NDS). After drying, it was weighed
to obtain the exact weight of the NDS; the obtained DCM soluble matter was defined as the
Bio-crude oil (BO). The DCM was recovered by rotary evaporation at 40 ◦C and dried under
vacuum (60 ◦C, vacuum <133 pa) for 8 h to remove water and then accurately weighed to
obtain the weight of BO.

Except for the initial HTL experiment, no additional deionized water was added in the
cumulative recycling experiment. The initial HTL experiment was conducted as the control
group (C0), and the medium used for the first aqueous phase recycling was the aqueous
phase product collected in the C0 group, which was recorded as C1, and so on, until three
recyclings (C1–C3) were conducted. Due to the aqueous phase losses in the actual process,
the content of aqueous phase after each recycling was less than 54 g. Due to unavoidable
losses during operation, the mass of the aqueous phase product after recovery is about
48 g, with a loss of about 6 g. Actually, water cannot be lost because the hydrothermal
liquefaction process is accompanied by the occurrence of dehydration reactions. In this
study, the aqueous phase from repeated parallel experiments was mixed and combined
before the next recycling. The other operations were identical to the initial experiment.
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Figure 1. Hydrothermal liquefaction (HTL) products separation and collection procedure.

2.3. Analysis and Calculation Methods
2.3.1. Analysis of HTL Products

The compositional changes of AP and BO were identified using a gas chromatography–
mass spectrometry (GC–MS) analyzer (Agilent 5973–6890 N, San Diego, CA, USA). High–
purity helium (99.999%) was used as the carrier gas; the inlet temperature, interface tem-
perature, and ion source temperature were respectively set at 280 ◦C, 250 ◦C, and 150 ◦C.
The mass spectrometer was having an EI source, 70 eV; the scan range (m/z) was 20–550 amu.
The aqueous phase was analyzed using a DB–1701 column (60 m × 250 µm × 0.25 µm).
The aqueous phase was extracted with DCM, filtered with a 0.22 µm filter membrane,
and determined on the machine. The GC oven temperature program was as follows:
starting at 40 ◦C, raised to 240 ◦C at a rate of 5 ◦C/min (held for 5 min). The Bio-crude oil
was analyzed using an HP–5MS column (60 m × 320 µm × 1 µm). The sample was first
diluted with DCM, filtered with 0.45 µm organic membrane, and then determined on the
machine. The Bio-crude oil was warmed up as follows: started at 40 ◦C, raised to 120 ◦C
at a rate of 10 ◦C/min (held for 2 min), and finally raised to 240 ◦C at a rate of 5 ◦C/min
(held 5 min).

Proximate analysis and ultimate analysis of the NDS were performed as in Section 2.1.
Inorganic elements in the NDS were measured by inductively coupled plasma emission
spectrometer (ICP–OES, Agilent 725ES, Santa Clara, CA, USA) after microwave digestion
and ash firing at 575 ◦C. The NDS were sampled by potassium bromide (KBr) crushing
and were analyzed by a Fourier Transform Infrared (FT–IR) spectrometer (Thermo Nicolet
5700, Waltham, MA, USA) with an attenuated total reflectance (ATR) mode between
4000–400 cm−1. Thermogravimetric analysis (TGA) of the NDS and BO were conducted
on a synchrothermal analyzer (Jupiter STA449F5, Selb, Germany) under N2 atmosphere
at a flow rate of 20 mL/min. The samples were heated from 30 to 800 ◦C at a heating rate
of 20 K/min. The microstructures of the NDS were characterized by scanning electron
microscopy (SEM, FEI quanta 250, Hillsboro, OR, USA). The BET surface area, pore volume,
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and pore size of the NDS were determined using a fully automatic surface area and void
analyzer (ASAP2460, Atlanta, GA, USA).

2.3.2. Calculation Methods of Evaluation Indicators

The evaluation of hydrothermal degradation efficiency included Bio-crude oil yield
(wBO, d%), nondegradable solids yield (wNDS, d%), and hydrothermal degradation rate
(wHTD, d%). wHTD is an important indicator of the hydrothermal conversion efficiency,
which refers to the fractions that have been transformed but are not NDS. The hard–to–
degrade organics are mainly organic carbon that remains in the NDS that has coked.
Hydrothermal degradation promotes the carbonization process, which results in the car-
bonization of other volatile substances. Therefore, the content of hard–to–degrade organics
can be determined by measuring the volatile organics at high temperatures. The ash con-
tent can be obtained by proximate analysis of NDS. The hydrothermal deposition efficiency
was measured based on the content of each component of the NDS and the deposition rate
(%) of each component. The calculation methods of evaluation indicators were as follows:

1. Calculation of the evaluation indicator for hydrothermal degradation:

Non–degradable solid yield (wNDS, d%) =
Solid mass
Stalk mass

× 100% (1)

Hydrothermal degradation rate (wHTD , d%) = 100% − wNDS (2)

Bio − crude oil yield (wBO, d%) =
Bio − crude oil quality

Stalk mass
× 100% (3)

2. Calculation and indicators for the characterization of NDS:

Hard–to–degrade organics of NDS (wV−NDS, NDS%) = Volatile fractions of NDS (4)

Ash of NDS (wAsh−NDS, NDS%) = Ash content of NDS (5)

Fixed carbon of NDS (wFC−NDS, NDS%) = 100% − wV−NDS − wAsh−NDS (6)

3. Calculation of the deposition rates of NDS:

Fixed carbon deposition(wFC, FC%) =
Solid fixed carbon mass
Stalk fixed carbon mass

× 100% (7)

Hard–to–degrade organics deposition(wV , daf%) =
Solid volatile fraction mass
Stalk volatile fraction mass

× 100% (8)

Ash deposition(wAsh, Ash%) =
Solid ash mass
Stalk ash mass

× 100% (9)

3. Results and Discussion
3.1. Characteristics of Raw Materials
3.1.1. Characteristics of Corn Stalk

The characteristics of corn stalk are shown in Table 1. It can be seen from the table
that the content of cellulose and hemicellulose of corn stalk is 40.13% and 31.31%, which is
much higher than that of lignin (4.74%). Corn stalk had higher volatile fractions, higher
oxygen content, and lower sulfur and nitrogen content.

3.1.2. Characteristics of Aqueous Phase

The pH value of the aqueous phase did not change much throughout the recycling
and was always between 3.50 and 4.00, which corresponds to the fact that the aqueous
phase product of the hydrothermal degradation of lignocellulosic biomass appears acidic.
As the aqueous phase recycling progressed, the pH value increased, but the organic acid
content also increased. Presumably, the organic acids are involved in the reaction and
are consumed.
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Table 1. Characteristics of corn stalk.

Components Content

Proximate analysis (d%)
Fixed carbon 6.14 ± 0.20

Volatile matter 77.48 ± 0.30
Ash content 7.92 ± 0.22

Ultimate analysis (d%)
Carbon 44.17 ± 0.09

Hydrogen 5.65 ± 0.07
Nitrogen 0.92 ± 0.06

Sulfur 0.19 ± 0.05
Oxygen * 49.07 ± 0.14

Chemical composition (daf%)
Hemicellulose 31.31 ± 0.69

Cellulose 40.13 ± 0.40
Lignin 4.74 ± 0.87

* Calculated by difference; the number after ± denotes Standard Deviation.

The value of total organic carbon (TOC) in the aqueous phase can be characterized
by the concentration of total organic matter. The value of TOC in group C0 is 26.90 g/L,
which is much lower than the TOC content after recycling of the aqueous phase (43.88 to
60.30 g/L). With increasing cycles of aqueous phase recycling, there is a steady increase in
the TOC content. From the correlation of the measuring principle, electrical conductance
(EC), total dissolved solids (TDS), and salinity (SAL) all three represent the concentration of
ions in the water and have a similar tendency to change. The former evaluates the electrical
conductivity of liquids, while the latter two are general terms for a class of dissolved solids
in the aqueous phase. An increasing trend for all three was observed with the aqueous
phase recycling, which indicated that the total dissolved solids and metal salt ions in the
aqueous phase products were increasing and the electrical conductivity was enhanced.
This indicates that recycling of the aqueous phase promotes the hydrolysis of corn stalk,
which has the potential to further improve the efficiency of hydrothermal degradation.

As evident from Table 2, the content of organic acids (mainly acetic acid and pro-
pionic acid) in the aqueous phase products are increasing after the cumulative recy-
cling. This indicates that the aqueous phase recycling promotes the hydrolysis and de-
hydration reactions of cellulose and hemicellulose in corn stalk [22]. The contents of ke-
tones (e.g., 2–cyclopentenone, 3–methyl–2–cyclopenten–1–one) and phenols (e.g., phenol,
2–methoxy–phenol, 4–ethylphenol) were decreasing with the aqueous phase recycling.
The phenolic compounds were primarily derived from the degradation of lignin [23,24].
Despite the low content of lignin in corn stalk, the concentration of phenolic compounds in
the aqueous phase was high, and it is speculated that the phenolics may also originate from
the decomposition of cellulose and hemicellulose [25]. Some alcohols (e.g., 1,3–propanediol)
are gradually appearing and increasing in the aqueous phase. These multihydroxy com-
pounds in the aqueous phase help to dissolve the intermediates or products, promoting
hydrothermal degradation to oil [13]. In summary, the aqueous phase recycling has an
impact on the hydrothermal degradation and oil formation process of corn stalk. To verify
this conclusion, a one–way ANOVA was conducted (Section 3.2).



Energies 2021, 14, 285 7 of 19

Table 2. The effect of aqueous phase accumulation recycling on its properties.

Water Quality Analysis C0 C1 C2 C3

pH 3.77 ± 0.10 3.62 ± 0.20 3.85 ± 0.04 3.91 ± 0.03
EC (µs/cm) 913.15 ± 19.55 1973.75 ± 149.08 2250.50 ± 89.80 2739.50 ±21.92
TDS (ppm) 473.55 ± 29.92 986.78 ± 173.82 1125.50 ± 44.55 1402.00 ± 56.57

Salinity (psu) 0.46 ± 0.03 1.00 ± 0.19 1.16 ± 0.05 1.46 ± 0.06
TOC (g/L) 26.90 ± 0.64 43.88 ± 0.53 52.07 ± 0.46 60.30 ± 0.54

Componentsidentification of aqueous phase

Acids 40.89 55.02 55.96 59.93
Ketones 14.43 10.24 9.90 8.27
Phenols 26.21 19.77 15.58 9.38

Esters, alcohols, and aldehydes ND 2.79 3.53 4.32
N–containing compounds ND 3.28 3.29 4.17
Heterocyclic compounds ND ND 0.57 1.55

ND: Cannot be detected.

3.2. Significance Analysis

A one–way ANOVA was conducted on the number of aqueous phase recycling with
oil production rate, degradation rate, NDS production rate, and solid deposition effect
(carbon deposition and ash deposition), as listed in Table 3. Moreover, it can be seen that the
significant p–values of one–way ANOVA were all less than the significance level a = 0.05.
The significant p–values corresponding to wAsh and wV were less than 0.01. This indicates
that the number of aqueous phase recycling has a significant effect on the above dependent
variables and has a highly significant effect on wAsh and wV . Therefore, the hydrothermal
degradation and oil formation process can be investigated by means of cumulative aqueous
phase recycling. In this paper, the properties of the aqueous phase products are further
investigated in combination with the properties of NDS (Section 3.3) and the properties of
BO (Section 3.4) for further study.

Table 3. One–way ANOVA on the effect of aqueous phase recycling on hydrothermal degradation and oil formation
processes.

Dependent Variables Sum of Squares dif Mean Square F Sig.

wBO

Between Groups 15.505 3 5.168 7.201 0.043 *
Within Groups 2.871 4 0.718

Total 18.376 7

wHTD

Between Groups 92.012 3 30.671 15.413 0.012 *
Within Groups 7.960 4 1.990

Total 99.971 7

wNDS Between Groups 92.012 3 30.671 15.413 0.012 *
Within Groups 7.960 4 1.990

Total 99.971 7

wAsh Between Groups 703.852 3 234.617 47.523 0.001 **
Within Groups 19.748 4 4.937

Total 723.600 7

wFC Between Groups 4485.412 3 1495.137 9.853 0.026 *
Within Groups 606.819 4 151.705

Total 5092.230 7

wV Between Groups 21.632 3 7.211 17.440 0.009 **
Within Groups 1.654 4 0.413

Total 23.286 7

Note: ** indicates highly significant (p < 0.01); * indicates significant (0.01 < p < 0.05).
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3.3. Effect of Aqueous Phase Recycling on Degradation Based on NDS Characteristics

During hydrothermal degradation, macromolecules in the biomass undergo hydrol-
ysis, decomposition, and depolymerization reactions to form low–molecular–weight in-
termediates that can be depolymerized to form the NDS [25]. NDS actually contains the
unconverted fraction (e.g., inorganic ash), as well as the carbides formed by coking after
conversion. They are stable and the yields are not easily affected by the product sepa-
ration and collection process. Therefore, the analysis of NDS characteristics is helpful to
understand the hydrothermal degradation and oil formation of corn stalk.

The overall characteristics of NDS during aqueous recycling are shown in Table 4.
In general, the trend of NDS was opposite to wHTD. (1) After the 1st and 2nd recycling
of the aqueous phase, an increase in wNDS was accompanied by an increase in wBO and a
decrease of wHTD. At this time, the aqueous recycling promoted the degradation of corn
stalk into Bio-crude oil, and the free radicals may lead to an increase of wNDS through
condensation, cyclization, and depolymerization reactions [24]. Furthermore, the dissolved
substances in the aqueous also polymerized to form NDS that affect degradation efficiency.
(2) After the 3rd recycling of the aqueous phase, the decrease in wNDS was accompanied
by an increase in wBO and a rebound in wHTD.

Table 4. Effect of aqueous phase recycling on the overall characteristics of hydrothermal degradation.

Number of Recycling 0 1 2 3

Hydrothermal degradation efficiency index (d%)

Nondegradable solid yield (wNDS, d%) 27.26 ± 1.31 35.01 ± 1.19 36.02 ± 2.17 33.00 ± 0.35
Hydrothermal degradation rate (HTD, d%) 72.75 ± 1.31 64.99 ± 1.19 63.99 ± 2.17 67.00 ± 0.35

Bio-crude oil yield (wBO, d%) 20.42 ± 0.32 22.72 ± 1.61 22.89 ± 0.20 24.31 ± 1.64

Composition characteristics of nondegradable solids (NDS%)

Hard–to–degrade organics content of NDS (wV−NDS, SR%) 35.15 ± 0.65 36.43 ± 0.78 34.87 ± 0.21 36.75 ± 2.01
Ash content of NDS (wAsh−NDS, NDS%) 8.90 ± 1.73 10.93 ± 0.74 12.29 ± 1.73 11.66 ± 0.65

Fixed carbon content of NDS (wFC−NDS, NDS%) 55.96 ± 1.09 52.64 ± 1.51 52.85 ± 1.95 51.59 ± 1.36

Deposition characteristics of nondegradable solids components (%)

Fixed carbon deposition rate (wFC, FC%) 248.41± 11.92 300.14 ± 10.20 309.97 ± 18.68 277.28 ± 2.97
Hard–to–degrade organics deposition rate (wV , daf%) 12.37 ± 0.59 16.46 ± 0.56 16.21 ± 0.98 15.65 ± 0.17

Ash deposition rate (wAsh, Ash%) 30.61 ± 1.47 48.31 ± 1.64 55.86 ± 3.37 49.55 ± 1.89

From Table 4, it can be seen that both the hydrothermal degradation process and aque-
ous recycling are accompanied by a solid deposition effect, which also has some influence
on the hydrothermal degradation process. Solid deposition effects mainly include carbon
deposition of NDS (mainly include fixed carbon deposition and hard–to–degrade organics
deposition) as well as ash deposition. Notably, wFC (277.28–309.97%) after recycling was
much higher than 100%, indicating that the carbon deposition of the hydrothermal solids
was mainly in the form of fixed carbon, which was also continuously generated in the
form of higher aggregates during hydrothermal degradation [26]. (1) After the 1st and
2nd recycling of the aqueous phase, an increase in wFC (Equation (7)) and wAsh (Equation
(9)) was accompanied by a decrease in wV (Equation (8)) (2) After the 3rd recycling of the
aqueous phase, wFC and wAsh decrease while wV still decreases. All the values after recy-
cling are higher than those without recycling, indicating that the aqueous phase recycling
produces a deposition effect. After the third recycling, the deposition rates are all reduced,
and hydrothermal degradation is more complete at this time.

The above analysis shows that the characteristics of NDS are particularly important
for understanding the hydrothermal degradation process of the stalk. The process of
hydrothermal degradation and oil formation can be understood indirectly by studying
the microscopic morphology (Sections 3.3.1 and 3.3.2), internal structure (Section 3.3.3),
and thermal stability (Section 3.3.4) of NDS.
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3.3.1. Changes of NDS Microstructure

SEM showed that a distinct carbon skeleton, carbon microsphere structure, deposited
metal salt particles, and microscopic morphology of the nondegraded portion of the stalk
appeared in the NDS (Figure 2). No significant carbon skeleton structure (Figure 2A) but
a higher number of carbon microspheres (Figure 2E) appeared in group C0. The carbon
microspheres were formed in groups C1 and C2, along with the appearance of a car-
bon skeleton similar to the pore structure in the middle of the microspheres (Figure 2B).
Irregular agglomerates started appearing around the carbon microspheres in group C2
(Figure 2G), which may be due to the deposited ash. The particle size of the carbon mi-
crospheres of the C3 group was further enlarged (Figure 2H), with the observance of
concave porous structures and deposited fine particles (Figure 2L). The formation of the
carbon microsphere structures is associated with the aromatization of sugars generated by
cellulose breakdown [27]. This also confirms that the aqueous phase recycling promotes
the decomposition of lignin and a distinct carbon skeleton structure is formed through
intermolecular interactions (Figure 2A–D). The formation of carbon skeleton and carbon
microsphere (Figure 2A–H) directly proves the existence of carbon deposition effect.

Energies 2021, 14, x FOR PEER REVIEW 10 of 20 
 

 

 

Figure 2. Microscopic morphological characteristics of NDS. 

3.3.2. Changes of Major Ash–Forming Metals in NDS 
Most of the inorganic elements in the ash are not directly transformed and are 

eventually deposited as NDS. Elements in the ash are usually present in the form of metal 
cations (Ca, Fe, K, Mg, Mn, and Na), nonmetallic anions (P, S, Cl), or uncharged species 
(Si) [30]. This paper focuses on the trends of cation. Table 5 shows the percentages (%) of 
major ash–forming metals in NDS before and after aqueous phase recycling. As the 
aqueous phase recycling proceeds, percentages of the major elements of ash in group C2 
were up to 2.414%, which showed the same pattern as that of the ash residues. Combined 
with the observation of the microscopic topography of NDS (Figure 2), the presence of 
more deposited particles in group C2 (Figure 2K). These macroporous structures can 
absorb some inorganic substances (e.g., sulfates, phosphates, and halides of K, Ca, Mg, 
and Al), which explains the deposition of the major ash–forming metals in NDS. 

As the aqueous phase recycling proceeds, the following patterns of change were 
exhibited by the major ash–forming metals in NDS: (1) From the beginning of the recy-
cling up to the second cumulative recycling, there is a continuous increase reaching to the 
highest values (e.g., Ca, Mg, Mn, Mo), fully consistent with the trends in ash deposition 
and fixed carbon deposition characteristics. (2) A decreasing trend has been observed 
since the beginning of recycling, but all are lower than the unrecycled group C0 (e.g., Al, 
Ni, Cr, Ba), which is the opposite to the organic deposition trend. (3) A decreasing trend 
has been observed (e.g., Fe, Ti), which is opposite to the changes in acid intensity, the 
yield of Bio-crude oil, and TOC concentration. After the 3rd recycling of the aqueous 
phase, the percentages of most of the inorganic elements decreased and were lower than 
those without the recycling, which is opposite to the trend of electrical conductance (EC) 
and salinity (SAL) in the aqueous phase. Combined with Figure 2L, it is assumed that the 
pores on the solid surface of group C3 are clogged and the deposition effects of ash and 
its metallic elements are weakened. In addition, although the total dissolved solids and 
ash–forming metal salt ions in the aqueous phase products are increasing, these sub-

Figure 2. Microscopic morphological characteristics of NDS.

It has been reported that ash deposition at high temperatures produces large, hard,
and depositional blocks with burst pores [28]. Therefore, dispersed nanoparticles
(Figure 2I–L) have been observed in the NDS. These deposited particles might be crystal
matters of metal salts (Al, Fe, etc.) present in the ash. The deposited particles of group C0
were small and a thin carbon film could be seen above the pores (Figure 2I). The pores of
group C1 became larger and more numerous (Figure 2J). The particles of group C2 were
aggregated into depositional blocks (Figure 2K). It is hypothesized that the aqueous phase
recycling promotes the hydrolysis of corn stalks and the organic fraction of stalk further
undergoes condensation and other reactions, and the pore size of the deposited particles
becomes larger, resulting in deposition blocks (Figure 2J,K) [29]. The surface of group C3
solids becomes smooth and produces many semi–porous structures (Figure 2L). This indi-
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cates that the aqueous phase recycling can promote mineral enrichment and solidification,
producing a strong ash deposition in the second recycling, which is consistent with the
results of the ash content of NDS (Table 4). The characteristics of the major ash–forming
metals in NDS are described in Section 3.3.2.

3.3.2. Changes of Major Ash–Forming Metals in NDS

Most of the inorganic elements in the ash are not directly transformed and are eventu-
ally deposited as NDS. Elements in the ash are usually present in the form of metal cations
(Ca, Fe, K, Mg, Mn, and Na), nonmetallic anions (P, S, Cl), or uncharged species (Si) [30].
This paper focuses on the trends of cation. Table 5 shows the percentages (%) of major
ash–forming metals in NDS before and after aqueous phase recycling. As the aqueous
phase recycling proceeds, percentages of the major elements of ash in group C2 were up
to 2.414%, which showed the same pattern as that of the ash residues. Combined with
the observation of the microscopic topography of NDS (Figure 2), the presence of more
deposited particles in group C2 (Figure 2K). These macroporous structures can absorb
some inorganic substances (e.g., sulfates, phosphates, and halides of K, Ca, Mg, and Al),
which explains the deposition of the major ash–forming metals in NDS.

Table 5. The percentages (%) of major ash–forming metals in NDS.

Metals C0 C1 C2 C3

Ca 0.692 0.356 0.699 0.465
K 0.359 0.629 0.643 0.389

Mg 0.345 0.156 0.569 0.246
Al 0.284 0.455 0.164 0.139
Fe 0.177 0.137 0.119 0.068
Ni 0.048 0.122 0.082 0.035
Ti 0.017 0.010 0.010 0.002
Cr 0.007 0.020 0.019 0.006
Mn 0.006 0.005 0.006 0.004
Ba 0.006 0.008 0.006 0.003
Mo 0.005 0.004 0.097 0.026

As the aqueous phase recycling proceeds, the following patterns of change were
exhibited by the major ash–forming metals in NDS: (1) From the beginning of the recycling
up to the second cumulative recycling, there is a continuous increase reaching to the
highest values (e.g., Ca, Mg, Mn, Mo), fully consistent with the trends in ash deposition
and fixed carbon deposition characteristics. (2) A decreasing trend has been observed since
the beginning of recycling, but all are lower than the unrecycled group C0 (e.g., Al, Ni,
Cr, Ba), which is the opposite to the organic deposition trend. (3) A decreasing trend has
been observed (e.g., Fe, Ti), which is opposite to the changes in acid intensity, the yield
of Bio-crude oil, and TOC concentration. After the 3rd recycling of the aqueous phase,
the percentages of most of the inorganic elements decreased and were lower than those
without the recycling, which is opposite to the trend of electrical conductance (EC) and
salinity (SAL) in the aqueous phase. Combined with Figure 2L, it is assumed that the
pores on the solid surface of group C3 are clogged and the deposition effects of ash and
its metallic elements are weakened. In addition, although the total dissolved solids and
ash–forming metal salt ions in the aqueous phase products are increasing, these substances
are mainly used to promote the Bio-crude oil production, resulting in low content in the
NDS [31].

It has been shown that the presence of alkali (earth) metal salts (K, Na, Ca, etc.) in
ash has a catalytic effect that may promote Bio-crude oil production [32] and possibly
coking carbonization [33]. However, this study demonstrates that the 3rd aqueous phase
accumulative recycling can positively promote both oil production and hydrothermal
degradation, as well as the degradation of ash–forming metals. It is of great significance
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in improving the heat and mass transfer and coking and slagging in thermochemical
processes.

3.3.3. Changes of Internal Structure in NDS

The surface area, pore volume, and pore size distribution can give a further un-
derstanding of the internal structural characteristics of NDS [34]. As shown in Table 6,
the maximum surface area of NDS in group C0 is 12.20 m2/g while the pore size is smaller
and only 18.25 nm. Aqueous phase recycling leads to a large reduction of the surface area
fluctuating between 4.00 and 6.70 m2/g. However, the pore size of NDS in C1 and C2
groups reached 36.15 nm and 20.29 nm, respectively, which was much larger than that
in group C0. This can be related to the change of volatile organics. In combination with
Figure 2, it can be assumed that a larger number of microporous structures was generated
in group C0. With aqueous phase recycling, hydrothermal degradation process is enhanced
and thereby generating more volatiles. These precipitated volatiles lead to the formation of
pores with different sizes, resulting in the changes of surface area and pore size. The deposi-
tion particles in C1 and C2 groups were significantly larger, but the number was decreased.
So the surface area was less than that in C0 group. After the 3rd recycling of the aqueous
phase, the pore channels of these deposits are disrupted or clogged, which affects the
escape of volatiles. This results in decreased pore size and minimum surface area. This is
consistent with the fact that many semi–pore structures were observed only in the NDS of
the C3 group (Figure 2L).

Table 6. The surface area and pore volume of nondegradable solids (NDS).

Number of Recycling Surface Area
(m2/g)

Pore Volume
(cm3/g)

Pore Size
(nm)

0 12.20 0.06 18.25
1 4.64 0.04 36.15
2 6.69 0.03 20.29
3 4.08 0.02 17.74

3.3.4. Thermal Stability of NDS

The thermal stability of NDS was correlated with its potential for continued hy-
drothermal degradation. Thermogravimetric analysis of the corn stalk, as well as the NDS,
was carried out, with the results of thermal gravity (TG) and derivative thermal gravity
(DTG) being shown in Figure 3. By comparing the thermal weight loss characteristics of the
corn stalk with the remaining NDS after its HTL, it was found that when the temperature
reached 800 ◦C, about 70% of the material in corn stalk was transformed, while only 20–30%
of the material in NDS. The number of nondegradable substances increased significantly.
By comparing the unrecycling C0 group with the cumulative recycling groups, it was
found that the nondegradable material after recycling was less than that of unrecycling,
decreasing from 70.52% in group C0 to 66.83% in group C3. The changes in C1 and C2
groups were not significant, and the changes in wNDS at this time were also not significant
(Table 4), indicating that the carbonation degree of C1 and C2 groups was almost the same.
From Figure 3B, it can be seen that two weight loss rate peaks were observed in corn stalk.
The maximum weight loss rate was about 15.81%/min at around 338 ◦C. At this stage, it is
mainly the pyrolysis of cellulose and hemicellulose. In general, the degradation tempera-
tures of these two species are between 150–350 ◦C and 275–350 ◦C, respectively, and the
peaks overlap with each other. However, there is only one peak of weight loss rate in NDS
and moves toward a lower temperature as the recycling progresses. The maximum weight
loss from C0 to C3 occurred at 486.1 ◦C, 455.8 ◦C, 451.4 ◦C, and 448.4 ◦C, and the maximum
weight loss rate of the C3 group was about 2%/min, which was greatly reduced compared
with the stalk. It shows that cellulose and hemicellulose are completely decomposed after
aqueous phase recycling, with the occurrence of even some lignin decomposition [23].
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Though there is slight decrease of the thermal stability of NDS, it can still be degraded at
around 450~500 ◦C.
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Figure 3. Thermal gravity analysis (A) and differential thermal gravity analysis (B) of NDS.

3.4. Effect of Aqueous Phase Recycling on Bio-Crude Oil Characteristics

The wBO gradually increased from 20.42% to 24.31% with the progress of aqueous
phase recycling (Table 4). Comparing the characteristics of the aqueous phase products
after cumulative recycling (Table 2) and the Bio-crude oil yield (Table 4), it can be observed
that the two trends are highly similar, from which it can be assumed that the Bio-crude
oil formation pathway is closely related to the aqueous phase products. In this paper,
the comparative analysis of the aqueous phase products and Bio-crude oil fractions (Table 2
and Figure 4), the boiling point distribution and the ultimate analysis of Bio-crude oil
further reveal the effect of accumulative aqueous phase recycling on the characteristics of
Bio-crude oil.
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3.4.1. Compound Composition

The components of Bio-crude oil include organic acids, ketones, aromatics, esters,
aldehydes, and N–containing heterocyclic compounds (Figure 4). The detailed name and
composition are shown in Figure S1.

From Figure 4, ketones and aromatics compounds are the most abundant compounds
in Bio-crude oil. As the aqueous recycling progressed, their content increased, in contrast
to their trend in the aqueous products. From Figure S1, the Bio-crude oil contained nine
aromatic compounds, mainly 4–ethyl–phenol, 4–ethyl–2–methoxy–phenol, 3,4–dimethoxy–
phenol, and 2,6–dimethoxy–phenol. With the aqueous phase recycling, the content of 4–
ethyl–phenol in the Bio-crude oil increased substantially from 5.217% to 22.102%, while its
content in the aqueous phase decreased from 4.048% to 1.153%. More 2,6–dimethoxyphenol
was detected in the Bio-crude oil after the 2nd recycling, but its content in the aqueous
phase was decreasing. This indicates that aqueous recycling can facilitate the conversion of
phenolic compounds from the aqueous phase to the Bio-crude oil. As the aqueous phase
recycling progresses, more five membered–ring compounds (e.g., furfurals and furans)
appear in the Bio-crude oil, which are important intermediates for phenolics. This indicates
that the aqueous phase recycling favors the hydrolysis and dehydration reactions of
corn stalk. Further recycling might lead to the polymerization of phenolics into high
molecular weight solid products, which explained the higher wNDS after aqueous phase
recycling [35]. The Bio-crude oil also contained eight ketone compounds, most of which
were pentameric cyclic ketones. Among them, the content of 2–methyl–2–cyclopenten–
1–one increased from 0.615% to 4.166%, while decreasing from 5.055% to 2.695% in the
aqueous phase. The same pattern of change was observed for 3–methyl–2–cyclopenten–
1–one. The pathway of ketone formation is related to cellulose hydrolysis, dehydration,
and cyclization [31]. After aqueous phase recycling, some N–containing heterocyclic
compounds such as pyrazine and pyrrole were observed in Bio-crude oil, which is related
to the Maillard reaction. The increase of nitrogen–oxygen heterocyclic compounds in Bio-
crude oil is an important factor in the increase of nitrogen content (Table 4). The content of
organic acids in the Bio-crude was much smaller than the aqueous phase and no acetic acid
or propionic acid were detected, indicating that sugars produced by the hydrolysis of corn
stalk were mainly distributed in the aqueous phase. Most importantly, the decline of acid
content improved the properties of Bio-crude oil with low oxygen content. The aqueous
recycling enriches the organic acids in the aqueous phase, which is an effective catalyst for
the hydrolysis and dehydration reactions, resulting in the formation of more intermediates.
The intermediates decomposed and isomerized to produce more oil, confirming that the
formation pathway of Bio-crude oil is closely related to the aqueous phase products.

3.4.2. Boiling Point Distribution

The boiling point distribution of Bio-crude oil obtained by thermogravimetric analysis
in this study is shown in Figure 5. Thermogravimetric analysis can be considered as
a miniature “distillation” [36,37] that can determine the volatility characteristics of the
Bio-crude fraction [38].

A weight loss of only about 4% for the Bio-crude oil before 110 ◦C indicates that
the drying process effectively removes the DCM solvent. The boiling point distribution
of Bio-crude oil in this study was mainly in the range of 110–550 ◦C, reaching about
64.87%, which can generally enter the refinery. The fractions at 200–400 ◦C accounted for
nearly half of the total, and the fraction after recycling is slightly higher than unrecycling,
indicating that the aqueous recycling could increase the content of low molecular weight
compounds and weakly polar substances in the Bio-crude oil [37]. This is consistent with
the results of GC–MS (Figure 4), which showed that the content of phenols and ketones
in the Bio-crude oil increased with the aqueous phase recycling. It was also observed
that the Bio-crude oil was neither evaporated nor completely decomposed when heated
to 800 ◦C. The residual content after recycling was between 21.13% and 23.63%, lower
than unrecycling (27.67%). In conclusion, the cumulative aqueous recycling decreases the
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heavy fraction of the Bio-crude oil while the lighter fraction and less polar organic matter
increase gradually; the middle fraction biomass also increases significantly compared to
unrecycling.

Energies 2021, 14, x FOR PEER REVIEW 15 of 20 
 

 

 
Figure 5. Boiling point distribution of Bio-crude oil. 

3.4.3. Ultimate Analysis 
After the 3rd recycling of the aqueous phase, the carbon, hydrogen, and nitrogen 

content of the Bio-crude oil increased to 69.84%, 7.08%, and 1.49% (Table 7). The recovery 
rates of carbon, hydrogen, and nitrogen increased to 38.44%, 30.45%, and 39.37%, re-
spectively. The recovery rates of hydrogen decreased slightly after the second recycling, 
which was consistent with the trend of its content. The oxygen content of Bio-crude oil 
decreased significantly from 13.34% to 9.90% after the 3rd recycling, which was much 
lower than corn stalk. The Bio-crude oil after HTL has higher oxygen content due to the 
depolymerization of biomass components (cellulose, hemicellulose, and lignin). It is 
present in Bio-crude oil in the form of organic acids, alcohols, ketones, aldehydes, sugars, 
furans, phenols, and other O–containing compounds. As the aqueous phase recycling 
proceeds, oxygen is removed in the form of CO2. Therefore, the aqueous phase recycling 
can effectively reduce the oxygen content of Bio-crude oil and improve the oil quality. 
The H/C ratio of Bio-crude oil varies between 0.87 and 0.91, which is lower than the av-
erage H/C ratio of petroleum (1.84). The main reason is that the hydrogen content of the 
Bio-crude oil (about 5%) does not increase efficiently with the aqueous phase recycling 
and hydrothermal degradation. The N/C ratio of Bio-crude oil was very low (0.10%). This 
is mainly due to the low nitrogen content of corn stalk (0.92%). 

Table 7. Ultimate analysis of Bio-crude oil. 

Number of 
Recycling 

Ultimate Analysis (d%) 
H/C O/C N/O Carbon Recovery 

(CR%) 
Hydrogen 

Recovery (HR%) 
Nitrogen Recovery 

(NR%) C H O N S 
0 69.80 ± 0.06 6.78 ± 0.13 13.34 ± 0.20 1.19 ± 0.14 0.00 ± 0.00 1.17 0.14 0.10 32.28 ± 0.50 24.51 ± 0.38 26.42 ± 0.41 
1 68.08 ± 0.16 7.10 ± 0.17 12.56 ± 0.40 1.25 ± 0.03 0.08 ± 0.04 1.25 0.14 0.11 35.01 ± 2.47 28.54 ± 2.02 30.86 ± 2.18 
2 68.61 ± 0.04 6.86 ± 0.02 10.75 ± 0.03 1.49 ± 0.01 0.00 ± 0.00 1.20 0.12 0.16 35.55 ± 0.31 27.80 ± 0.24 37.07 ± 0.32 
3 69.84 ± 0.12 7.08 ± 0.07 9.92 ± 0.01 1.49 ± 0.01 0.02 ± 0.03 1.22 0.23  0.17 38.44 ± 2.59 30.45 ± 2.05 39.37 ± 2.66 

  

Figure 5. Boiling point distribution of Bio-crude oil.

3.4.3. Ultimate Analysis

After the 3rd recycling of the aqueous phase, the carbon, hydrogen, and nitrogen con-
tent of the Bio-crude oil increased to 69.84%, 7.08%, and 1.49% (Table 7). The recovery rates
of carbon, hydrogen, and nitrogen increased to 38.44%, 30.45%, and 39.37%, respectively.
The recovery rates of hydrogen decreased slightly after the second recycling, which was
consistent with the trend of its content. The oxygen content of Bio-crude oil decreased
significantly from 13.34% to 9.90% after the 3rd recycling, which was much lower than corn
stalk. The Bio-crude oil after HTL has higher oxygen content due to the depolymerization
of biomass components (cellulose, hemicellulose, and lignin). It is present in Bio-crude
oil in the form of organic acids, alcohols, ketones, aldehydes, sugars, furans, phenols,
and other O–containing compounds. As the aqueous phase recycling proceeds, oxygen is
removed in the form of CO2. Therefore, the aqueous phase recycling can effectively reduce
the oxygen content of Bio-crude oil and improve the oil quality. The H/C ratio of Bio-crude
oil varies between 0.87 and 0.91, which is lower than the average H/C ratio of petroleum
(1.84). The main reason is that the hydrogen content of the Bio-crude oil (about 5%) does
not increase efficiently with the aqueous phase recycling and hydrothermal degradation.
The N/C ratio of Bio-crude oil was very low (0.10%). This is mainly due to the low nitrogen
content of corn stalk (0.92%).

3.5. Comprehensive Analysis on Hydrothermal Degradation and Bio-Crude Oil Formation
3.5.1. Effect of the Compositional Characteristics of NDS

Due to the complexity of the aqueous phase recycling process, it is relatively simple to
understand the influence of aqueous phase recycling on hydrothermal degradation and oil
formation process by directly studying the composition and deposition characteristics of
NDS in this paper. The relationship between the major components of NDS (ash, volatile
organics, and fixed carbon) and degradation and formation is shown in Figure 6.
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Table 7. Ultimate analysis of Bio-crude oil.

Number of
Recycling

Ultimate Analysis (d%)
H/C O/C N/O

Carbon
Recovery

(CR%)

Hydrogen
Recovery

(HR%)

Nitrogen
Recovery

(NR%)C H O N S

0 69.80 ± 0.06 6.78 ± 0.13 13.34 ± 0.20 1.19 ± 0.14 0.00 ± 0.00 1.17 0.14 0.10 32.28 ± 0.50 24.51 ± 0.38 26.42 ± 0.41
1 68.08 ± 0.16 7.10 ± 0.17 12.56 ± 0.40 1.25 ± 0.03 0.08 ± 0.04 1.25 0.14 0.11 35.01 ± 2.47 28.54 ± 2.02 30.86 ± 2.18
2 68.61 ± 0.04 6.86 ± 0.02 10.75 ± 0.03 1.49 ± 0.01 0.00 ± 0.00 1.20 0.12 0.16 35.55 ± 0.31 27.80 ± 0.24 37.07 ± 0.32
3 69.84 ± 0.12 7.08 ± 0.07 9.92 ± 0.01 1.49 ± 0.01 0.02 ± 0.03 1.22 0.23 0.17 38.44 ± 2.59 30.45 ± 2.05 39.37 ± 2.66
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The points C0, C1, and C3 were distributed on a line approximately passing through
the vertices of the triangle, implying that the ash content and organics vary in equal
proportions and the ratio is almost constant. At the same time, the fixed carbon content
decreases significantly as one move in a straight line from C0 to C3. Besides, the points
of the groups C1 and C2 were distributed in a straight line parallel to the axis of organics,
indicating that the fixed carbon content hardly changed but the ash is being enriched
and the organic residues are relatively reduced as one move in a straight line from C1 to
C2. With the accumulative aqueous phase recycling, the changes in the compositional
characteristics of the NDS showed that the overall fixed carbon ratio decreased, indicating
that the accumulative aqueous phase recycling can mitigate the carbonization process.
The carbonization of C1–C2 is almost the same with the occurrence of significant ash
deposition and solidification.

From Figure 6A, as one moves almost in a straight line from C0 to C3, the ash and
organic residues increased in equal proportion, the fixed carbon content decreased, wHTD in-
creased but still below C0. As one moves from C1 to C2, the fixed carbon content was almost
unchanged, while the ash enrichment was significant and accompanied by a decrease in
organic matter. At this time, wHTD decreased slightly but not significantly. This indicates
that the change in wHTD is most closely related to the change in fixed carbon content.
In addition, the enrichment of ash hindered the heat and mass transfer of the organic
components in the reaction process, which also negatively affects wHTD. The hydrother-
mal degradation process was weakened after the recycling compared to the unrecycling,
but was rebounded after the third recycling.

From Figure 6B, as one moves almost in a straight line from C0 to C3, the wBO increases
significantly. As one moves from C1 to C2, the wBO increases slightly. It is speculated that
certain metal salts such as K and Ca in the ash plays the role of catalysis to promote oil
production [39]. The aqueous phase recycling not only promotes the oil production, but also
promotes the carbonization process. Reducing carbonization process is beneficial to oil
formation.
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3.5.2. Effect of the Deposition Characteristics of NDS

There is a correlation between deposition characteristics (wFC, wV and wAsh) and
hydrothermal degradation and oil formation before and after aqueous recycling (Figure 7).
There is a negative correlation of the three deposition parameters with wHTD, while posi-
tively correlated with the oil formation process. In the first two rounds of the aqueous phase
cumulative recycling, the correlation coefficients between the deposition characteristics of
ash and fixed carbon, which have no potential for further oil formation, and the overall
hydrothermal degradation efficiency and oil formation reach above 0.9 or more. The trends
are reversed after third recycling, the deposition effect is reduced, while the hydrothermal
degradation efficiency and oil formation are increased. In the case of organics, which have
potential for further hydrothermal degradation and oil formation, the aqueous phase accu-
mulation recycling results in the slow deposition of this material. The main reason is the
lack of hydrolytic drive due to the increased substrate concentration in the aqueous phase.
Even so, the TOC concentration and acidity in the aqueous phase are sufficiently high to
further enhance the Bio-crude oil formation (Table 2).
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3.5.3. Summary

This study confirms the feasibility of hydrothermal degradation of corn stalk to pro-
duce Bio-crude oil through aqueous phase cumulative recycling. It was found that the
accumulation recycling in the aqueous phase produced an enrichment of organic acids
and alcohols and conversion of ketones and phenols in the aqueous phase, and accom-
panied by an unavoidable solid deposition effect. Although the solid deposition hurts
the hydrothermal degradation efficiency, the formation of larger carbon microspheres
during the deposition process enhances the utilization of NDS, while the Bio-crude oil
formation process is positively impacted by the porous structure of carbon skeleton and
the formation of nano–sized metal salt particles. After the third round of aqueous phase
accumulation recycling, a positive impact on both hydrothermal degradation and Bio-crude
oil production was observed. With the aqueous phase recycling, the Bio-crude oil yield
kept increasing from 20.42% to 24.31%, and the oxygen content decreased significantly
from 13.34% to 9.90%. The aqueous recycling could increase the content of low molecular
weight compounds and weakly polar substances in the Bio-crude oil. It was also found
that the carbonation process could be weakened after the 3rd round of aqueous phase accu-
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mulation recycling, which had a positive impact on both hydrothermal degradation and oil
production. After the 3rd recycling, the hydrothermal degradation efficiency rebounded
from 63.99% to 67.00%.

The improvement of oil formation after the cumulative recycling is mainly due to the
following factors: (1) the aqueous phase accumulation recycling produces the enrichment
effect of organic acids, which can catalyze the promotion of Bio-crude oil production [39];
(2) the aqueous phase accumulation recycling promotes the decomposition of corn stalk,
which produces a substrate for Bio-crude oil; (3) the aqueous recycling produces an ash
deposition effect, which increases the metal salts such as K and Ca in the ash, which plays
the role of catalysis and promotes oil formation [40].

4. Conclusions

Based on the characteristics of NDS, this manuscript systematically analyzes the
hydrothermal degradation and oil production process. The next step could be to combine
the reaction kinetics of the four products for further study. Moreover, more rounds of
cumulative recycling could be studied in–depth.

This study can provide a theoretical basis for large–scale industrial conversion and
utilization of dry biomass in the future. The use of certain industrial process wastewater,
such as biogas plant liquid and wood vinegar liquid from the pyrolysis industry, can be
further investigated as a medium source of water and its recyclability. This study can
also be extended to apply to lignocellulosic biomass such as hemp fiber. In future work,
the addition of CuO + NaOH as a catalyst in the HTL process could be considered to
improve the yield of biocrude oil.

Supplementary Materials: The following are available online at https://www.mdpi.com/1996-107
3/14/2/285/s1, Figure S1. Composition of Bio-crude oil and relative peak area of major components
before and after aqueous phase recycling.
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HTL Hydrothermal liquefaction
FPL Fast pyrolysis liquefaction
HTD Hydrothermal degradation
DCM Dichloromethane
BO Bio-crude oil
NDS Nondegradable solids
AP Aqueous phase
daf Dry ash free basis
d Dry basis
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GC–MS Gas chromatography–mass spectrometry
ICP–OES Inductively coupled plasma optic emission spectrometer
FT–IR Fourier transform infrared spectroscopy
TGA Thermogravimetric analysis
SEM Scanning electron microscope
TOC Total organic carbon
EC Electrical conductance
TDS Total dissolved solids
SAL Salinity
V Volatile/Hard–to–degrade organics
FC Fixed carbon
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